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a b s t r a c t 
The relevance of drought is still often underestimated for temperate climate regions like Central Europe that 
are characterized by on average ample precipitation. Nonetheless, several drought events in recent years (e.g. 
1992, 2003, 2015 and 2018) demonstrated that droughts are a relevant factor for several economic activities 
(e.g., agriculture, water dependent industries, energy supply, etc.) in Central Europe. This is particularly true 
for the vegetation period, where increasing evapotranspiration rates due to rising atmospheric temperatures are 
intensifying existing drought conditions that originally developed from rainfalls deﬁcits. The contribution of this 
study is an assessment of the long-term variability of drought conditions and seasonal climate trends within 
1951–2015 based on a collective of 91 climate stations from the national meteorological services of Germany, 
Poland and the Czech Republic. Using a set of eight drought and three heavy precipitation indices an aggregated 
evaluation of seasonal precipitation characteristics is done and the driest seasons are identiﬁed for the entire 
study area as well as for four sub-regions. It is shown that the choice of the study period matters (1951–2015 vs. 
1961–2015) as the pronounced (multi-)decadal variability of drought conditions restricts the temporal stability 
of computed trends. The drought trends computed for 1951–2015 are similar in direction, but generally smaller 
in magnitude than those of the ten year shorter period 1961–2015, as the 1950s have been a very dry decade 
in Central Europe. Seasonally, drying trends were observed for spring and less pronounced for summer, while 
autumn and winter show wetting trends. The seasonal trends are sensitive to shifts in the season deﬁnition by one 
month. Vegetation period I (VP-I) shows stronger drying trends, but less increases in heavy precipitation than 
spring, while the drought trends are less pronounced in vegetation period II (VP-II) as compared to the summer 
season, but more trends towards heavy precipitation increases occur in VP-II. These diﬀerences are explained 
by the daily trends in the seasonal cycle that show the strongest drying in April, June and the beginning of 
August and the strongest wetting in March and September. Generally, heavy precipitation increases prevail over 
decreasing trends in all seasons, whereby stations with strong drought trends generally have smaller positive or 
even negative heavy precipitation trends. A simultaneous occurrence of drought and heavy precipitation increases 
is observed in spring at several stations, particularly in sub-region West. 
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(. Introduction 
The central European countries Germany, Poland and Czech Repub-
ic cover an area of nearly 750.000 km 2 with approximately 130 Mil-
ion inhabitants. Several recent drought events demonstrated the rel-
vance of drought for economic activities in Central Europe, an area
hat is climatologically characterized by relatively ample annual precip-
tation totals (e.g., compared to Southern Europe). Drought in Central
urope thus generally arises from a poor timing of rain ( Trnka et al.,
016 ). Examples of recent severe meteorological drought events im-
acting the study area are the summer of 2003 ( Rebetez et al., 2006 ),∗ Corresponding author. Present address: Deutscher Wetterdienst, Frankfurter Str. 1
E-mail address: stephanie.haensel@dwd.de (S. Hänsel). 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) he period 2011/2012 ( Zahradníček et al., 2015 ), the summer of 2015
 Hoy et al., 2017; Ionita et al., 2017 ) and the spring to summer sea-
on of 2018 ( Imbery et al., 2018; Masante et al., 2018 ). Such me-
eorological droughts often propagate through the water system and
evelop into agricultural (soil moisture) and hydrological droughts.
eported impacts connected with these droughts include decreased
treamﬂow or groundwater levels ( Koehler et al., 2007; Kohn et al.,
014; Laaha et al., 2017 ), adverse eﬀects on agriculture and forestry
 Allen et al., 2010; Ciais et al., 2005; Hlavinka et al., 2009 ) and lim-
tations in the energy production ( De Bono et al., 2004; Fink et al.,
004 ). 35, 63067 Oﬀenbach, Germany. 
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3Diﬀerent studies have explored the links between drought indices
ike the Standardized Precipitation Index SPI ( McKee et al., 1993 ) and
he Standardized Precipitation Evapotranspiration Index SPEI ( Vicente-
errano et al., 2010 ) and observed drought impacts on diﬀerent systems
 Stagge et al., 2015; Vicente-Serrano et al., 2012, Vicente-Serrano et al.,
013; Vicente-Serrano and Lopez-Moreno, 2005; Wang et al., 2014 ).
hey present a great variability in the times scales with the best cor-
elation to drought impacts in dependence of the climate zone, the de-
ree of human intervention, the geological and soil properties and the
resent vegetation (e.g. tree or crop species). Generally, the correla-
ions between SPEI and drought impacts are slightly higher than those
or the SPI (e.g., Bachmair et al., 2015; Vicente-Serrano et al., 2012;
ang et al., 2014 ). Stagge et al. (2015) describe for Europe the best
orrelations of SPEI to drought impacts at timescales of 2–3 months for
ain-feed agriculture (with the highest sensitivity to drought stress dur-
ng late spring and early summer) and at timescales of 9–12 months
or agriculture that is more dependent on irrigation and water storage
snow, soils with high water holding capacity, groundwater). Variations
f drought indices in winter are of low relevance for forests in Cen-
ral Europe, as the soil moisture reservoirs are generally reﬁlled before
ebruary ( Mette et al., 2011 ). With respect to the water sector diﬀer-
nt timescales are relevant, depending on the catchment characteristics
 López-Moreno et al., 2013; Lorenzo-Lacruz et al., 2013; McEvoy et al.,
012; Stagge et al., 2015 ). Drought impacts on public water supply and
reshwater ecosystems are explained by a combination of short (1–3
onth) and seasonal (6–12 month) anomalies of SPEI and SPI, respec-
ively ( Stagge et al., 2015 ). Thereby, for countries relying on surface wa-
er the correlations are highest at the timescale of 1 and 6 month, while
or those relying on groundwater water the highest correlations are at
he timescale of 3 and 9–12 months. Several studies furthermore indi-
ated temporal changes in the relation between drought indices and im-
acts ( Lorenzo-Lacruz et al., 2010; Vicente-Serrano and Lopez-Moreno,
005 ). Bachmair et al. (2015) showed that drought impacts in the hy-
rological sector are often similarly well represented by the SPI as com-
ared to streamﬂow percentiles. 
The rising average earth surface temperatures and the related in-
rease in water pressure deﬁcit increasingly impact the observed sever-
ty of drought events, especially during the warm part of the year.
his is related to the rising evaporative demand ( Wang et al., 2012 )
hat potentially increases drought frequency and severity ( Dai, 2011;
icente-Serrano et al., 2014b ). The recent drought events were often
ccompanied by extremely high temperatures or long lasting heatwaves
 Graczyk and Kundzewicz, 2014; Hoy et al., 2017; Rebetez et al., 2006;
edlmeier et al., 2018 ). Nonetheless, summer drought in Central Eu-
ope is not a new phenomenon of the beginning of the 21th Century.
lready the 1940s and the 1950s have been very dry ( Briﬀa et al., 1994;
loyd ‐Hughes and Saunders, 2002; Van der Schrier et al., 2006 ). During
he summer half year of 1947 Central Europe was hit by an extraor-
inary drought event with wide ranging socio-economic consequences
 Brazdil et al., 2016 ) and the drought events of the early 1950s were
overing half of Europe at the time-scale of 12 months ( Spinoni et al.,
015b ). 
At the European scale several drought studies have shown drying
rends in Southern Europe, particularly in the Mediterranean region and
etting trends in Northern and North-Eastern Europe ( Briﬀa et al., 2009;
udmundsson and Seneviratne, 2015; Spinoni et al., 2017; Stagge et al.,
017 ), while the drought trends for central Europe are more diverse and
ften linked to temperature increases ( Spinoni et al., 2015a ). With re-
ard to our study area Central Europe several drought studies address
rought characteristics, observed and projected drought trends, causes
f speciﬁc drought events and their impacts on diﬀerent sectors in Ger-
any ( Hänsel, 2009; Huang et al., 2015, 2013; Lüttger and Feike, 2018;
chindler et al., 2007; Schwarzak et al., 2015 ), Poland ( Ł ab ędzki et al.,
014; Osuch et al., 2016; Radzka, 2015; Somorowska, 2016; Wibig,
012 ) and the Czech Republic ( Brazdil et al., 2015; Dubrovsky et al.,
009; Hlavinka et al., 2015; Potop et al., 2014; Potopová et al., 2018;54 rnka et al., 2016, 2015; Zahradníček et al., 2016, 2015 ) or parts of
hese countries. Thereby, diﬀerent drought indices and study periods
ere used, hampering the comparability of national study results as
ach index may capture a diﬀerent part of the entire complex process of
rought formation and propagation. Furthermore, some of these studies
nly addressed the drought characteristics and changes on an annual
imescale, while others already pointed out that seasonal diﬀerences
revail in the precipitation trends over Central Europe. 
This study aims at presenting a coherent picture of seasonal drought
ariability and trends over Central Europe for period 1951–2015. The
ovelty of our study is that it is the ﬁrst comprising the three countries
ermany, Poland and Czech Republic. The analyses are based on quality
hecked station data from three national meteorological services for a
ong study period of 65 years. Our contribution is an integrated assess-
ent of the seasonal characteristics and trends of drought and heavy
recipitation, while other studies often focus on the annual timescale
r longer aggregation timescales and use diﬀerent indices that restrict
he comparability of individual study results. Furthermore, we focus on
ub-regional drought anomalies and trends within Central Europe, a re-
ion that is generally considered as homogeneous (same climatological
egion) within larger scale European drought trend studies. Thereby,
e support regional drought management decisions, as changes in the
iming of precipitation within the year are relevant for example for man-
gement decision in the water and agricultural sector. 
Diﬀerent drought indices on daily and monthly timescales are used to
ssess drought intensity and duration. Some of these indices are purely
recipitation based and others also integrate temperature in order to
stimate water balance eﬀects. Additionally, changes in heavy precip-
tation are evaluated in comparison to drought trends using three in-
ices based on daily precipitation totals. In order to obtain an aggre-
ated evaluation of drought and heavy precipitation the index values
re standardized and integrated in aggregated evaluation indices. The
emporal stability of trends is assessed by comparing the results to the
en years shorter study period of 1961–2015 and by applying a mov-
ng window trend analysis for 30 year periods. Furthermore, the de-
endence of analysis results on the deﬁnition of seasons is studied by
hifting the spring and the summer season by one month and relating
easonal trends to daily trends of selected indices within the seasonal
ycle. Within chapter 2 we are presenting the data base, indices and
nalysis methods used for our study. Chapter 3 illustrates the results
ith a focus on spatiotemporal drought characteristics, the dependence
f results on the considered timescale and season, the temporal stability
f trends and the changes in the seasonal cycle of temperature and pre-
ipitation. Within chapter 4 the results are discussed in the context of
ther studies. The main conclusions on the observed seasonal drought
nd heavy precipitation trends are presented in chapter 5. 
. Data and methods 
.1. Study area and data base 
We are using daily time series of precipitation totals, average tem-
erature as well as minimum and maximum temperature in order to
valuate the variability and change of drought conditions in Central Eu-
ope during 1951–2015. The analysis is based on data from 91 climate
tations covering the countries Germany (44 stations), Czech Republic
16) and Poland (31; Fig. 1 and Table SM-1). This area is characterized
y a temperate climate with inﬂuences of a milder oceanic climate in
he West and a drier continental climate in the East. To account for this
radient the stations were grouped into four regions with similar precip-
tation characteristics (e.g. annual total and seasonal cycle) and trends.
hose are the sub-regions West (W), Central (C) and East (E) as well
s the Northern coastal area (N). Mountain stations are not considered
eparately but included in the analysis of the four deﬁned regions, as
here are only six station situated at an altitude above 1000 m (2 in W,
 in C and 1 in E) and only 11 stations above 750 m. 
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 1. Study area with regional classiﬁcation of the climate stations (see Table SM-1) and indication of mountain stations > 750 m above sea level. 
Table 1 
Name, deﬁnition and units of the daily and monthly climate indices used in this study. 
Index Description Unit 
DD Number of dry days ( = days with daily precipitation totals below 1 mm) d 
AvD Average duration of dry periods ( = continuous sequence of dry days) d 
CDD Consecutive dry days ( = maximum duration of dry periods) d 
LPD Number of low precipitation days ( = days with daily precipitation totals below 5 mm) d 
AvL Average duration of low precipitation periods ( = continuous sequence of low precipitation days) d 
CLPD Maximum duration of low precipitation days d 
MxRR Maximum daily precipitation total mm 
R95pT Precipitation fraction due to very wet days in percent ( = precipitation total of days above the 95th percentile / total precipitation ∗ 100%) % 
R99pT Precipitation fraction due to extremely wet days in percent ( = precipitation total of days above the 99th percentile / total precipitation ∗ 100%) % 
mRAI Modiﬁed Rainfall Anomaly Index ( Hänsel et al., 2016; Van Rooy, 1965 ); Anomalies of precipitation at monthly timescales without unit 
WBAI Water Balance Anomaly Index ( Hänsel et al., 2016 ) without unit 
Anomalies of the climatic water balance at monthly timescales 
ADE Aggregated Drought Evaluation index integrating the information of eight drought indices (DD, AvD, CDD, LPD, AvL, CLPD, mRAI, WBAI; for details see 
Section 2.3 ) 
without unit 
AHP Averaged Heavy Precipitation anomalies of MxRR, R95pT and R99pT (arithmetic average of the relative anomalies of the respective indices) % 
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t  The climate data stem from three national meteorological services.
he German climate records are from Germany’s national meteorolog-
cal service Deutscher Wetterdienst (DWD) and freely available from
he climate data center CDC. 1 The Polish time series originate from the
rchives of Institute of Meteorology and Water Management National
esearch Institute and were quality controlled by the authors. The time
eries of Czech climate stations originate from the Czech Hydrometeo-
ological Institute. They were homogenized and checked for consistency
sing AnClim and ProClim software ( Š t ěpánek et al., 2009 ). 
Some of the time series have gaps of several days or months or
tart/end later/earlier than 1951/2015, but 70% of the time series have
 data availability of > 99% (Table SM-1). All time series have a data
vailability of at least 75% for 1951–2016 and 85% for 1961–2015. Most
f the Czech time series (13 out of 16 stations) only start in 1961 lim-
ting the representativeness of analysis results for 1951–2016 over that
erritory. To account for the diﬀerent start dates of time series the pe-
iods 1961–2015 and 1951–2015 are compared regarding the seasonal
rought trends. 
.2. Drought indices 
Precipitation characteristics are evaluated using indices based on
aily as well as monthly data. We are also using a drought index incor-
orating information on evapotranspiration as the severity of drought1 ftp://ftp-cdc.dwd.de/pub/CDC/observations_germany/climate/daily/kl/ 
p  
w  
55 ay be underestimated by a purely precipitation-based index, particu-
arly in a warming climate ( Vicente-Serrano et al., 2010, 2014a ). Thus,
esides precipitation also temperature data are considered in order to
stimate the potential evapotranspiration (PET) and to calculate the cli-
atic water balance (WB). 
Considered indices based on daily data are displayed in Table 1 . Dry
eriods are deﬁned as a sequence of consecutive day with precipita-
ion below a speciﬁc threshold, whereby diﬀerent studies use diﬀer-
nt thresholds like 0.1, 1.0, 5.0 and 10.0 mm/day ( Cindri ć et al., 2010;
ana et al., 2008; Perzyna, 1994; Serra et al., 2014 ). We use 1.0 mm/
ay for dry days and 5.0 mm/day for low precipitation days. Thereby,
he threshold 1 mm/day is related to evapotranspiration processes and
 mm/day to runoﬀ-processes ( Serra et al., 2014 ). The average and max-
mum duration of consecutive sequences of such days are studied. In or-
er to compare the observed drought trends with changes in heavy pre-
ipitation three heavy precipitation indices are included in the analysis.
e use the maximum daily precipitation total per season as an index for
he absolute magnitude of heavy precipitation and two percentile based
ndices to capture changes in the precipitation fraction due to heavy
recipitation days. 
On a monthly basis and for the evaluation of drought conditions
n longer aggregation time scales the Rainfall Anomaly Index RAI
 Van Rooy, 1965 ) in a modiﬁed version mRAI ( Hänsel et al., 2016 ) and
he Water Balance Anomaly Index WBAI ( Hänsel et al., 2016 ) are ap-
lied ( Table 1 ). Hoy et al. (2017) have shown that the mRAI delivers
ell comparable results to the well-known Standardized Precipitation
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
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 ndex SPI ( McKee et al., 1993 ) over the middle latitudes of Europe, while
he WBAI is comparable to the Standardized Precipitation Evaporation
ndex SPEI ( Vicente-Serrano et al., 2010 ). 
The indices mRAI and WBAI are calculated using a straightforward
tandardization approach for precipitation and the climatic water bal-
nce, respectively. The median precipitation total and water balance,
espectively, is used as proxy for the average of the distribution, while
he average of the ﬁve most extreme wet and dry cases describes the
ariability of the distribution. Diﬀerent values representing the vari-
bility are used for each side of the distribution in order to account for
kewed distributions. The mRAI of a certain month (or other aggrega-
ion period) i is calculated as follows: 
𝑅𝐴 𝐼 𝑖 = ± 𝑆𝐹 ∗ 
𝑅 𝑅 𝑖 − 𝑅𝑅 
?̄? − 𝑅𝑅 
here 
RR i = Precipitation total of month i 
𝑅𝑅 = Median monthly precipitation of the base period 1961–2010
or the respective month 
?̄? = Mean of the 10 % most extreme precipitation totals of the base
eriod 1961–2010 for the respective month. For negative anomalies of
 𝑅 𝑖 − 𝑅𝑅 the events below the 10th percentile are used and for positive
nomalies those above the 90th percentile. 
± SF = Scaling factor (positive for RR i ≥ 𝑅𝑅 , and negative for RR i <
𝑅 ) 
A 50-year base period was chosen for the index calculations, as a
ong base period ensures a good representation of the climate variability
nd the extremes of the distribution. The period starting in 1961 was
hosen, as data availability is best during these 50 years allowing for a
egionally well comparable derivation of the factors needed to calculate
he indices. 
The calculation of the WBAI is done in the same way as illustrated
or the mRAI by replacing precipitation with the water balance values. 
 𝐵𝐴 𝐼 𝑖 = ± 𝑆𝐹 ∗ 
𝑊 𝐵 𝑖 − 𝑊 𝐵 
?̄? − 𝑊 𝐵 
So the actual water balance value of month i ( WB i ) is compared to the
edian value ( 𝑊 𝐵 ) of this month within 1961–2010 and the variability
f the distribution is estimated by the distance of the mean of the 5 most
xtreme water balance values ( ̄𝐸 ) to the median of the distribution. For
oth calculations a scaling factor of SF = 1.7 is applied as suggested by
änsel et al. (2016) in order to obtain similar values and class frequen-
ies as those of SPI and SPEI. This allows using the same classiﬁcation of
oisture classes that were suggested by McKee et al. (1993) for the SPI
 Table 2 ). The index values are classiﬁed in nine classes ranging from
xtremely wet to extremely dry conditions. 
WBAI and mRAI are applied at timescales of 3, 6, 12 and 24 months.
he respective timescale is indicated by a number in the index name, e.g.
RAI-12 refers to the modiﬁed Rainfall Anomaly Index at a timescale
f 12 months. The diﬀerent time-scales relate to diﬀerent types of
rought as the water deﬁcit propagated through the hydrological sys-
em. Drought impacts on short-term water supplies that are importantTable 2 
Classiﬁcation of the mRAI and WBAI into nine moisture classes using the 
same classiﬁcation suggested by McKee et al. (1993) for the SPI. 
Class Index-value Description 
1 ≥ 2.00 Extremely wet 
2 1.50 to 1.99 Very wet 
3 1.00 to 1.49 Moderately wet 
4 0.50 to 0.99 Slightly wet 
5 − 0.49 to 0.49 Near normal 
6 − 0.99 to − 0.50 Slightly dry 
7 − 1.49 to − 1.00 Moderately dry 
8 − 1.99 to − 1.50 Very dry 
9 ≤ − 2.00 Extremely dry 
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56 or agriculture are reﬂected by the timescale of 3 to 6 months, while
onger aggregation periods refer to drought impacts on systems with a
igher storage capacity and thus longer response times like streamﬂow,
eservoir storage, and groundwater supplies. 
Drought and wet periods are determined based on mRAI-12 and
BAI-12. A drought period starts if the index value drops below − 1
nd persists until the index values rise above zero. The respective wet
eriod starts for index values above 1 and lasts until index values fall
elow zero. In order to describe the spatial extent of such a drought/wet
eriod, the percentage of stations that is aﬀected by drought/wet con-
itions is used as an approximation. 
The Hargreaves-Samani approach ( Hargreaves and Samani, 1985 )
s applied for the calculation of PET on a daily scale. It uses informa-
ion on the geographical location, average precipitation totals and min-
mum as well as maximum daily temperatures. Thereby, minimum and
aximum temperature is used to estimate solar radiation. The appli-
ation of more complex PET calculation approaches like the Penman–
onteith formulation ( Allen et al., 1998 ) is not possible due to the re-
tricted availability of the necessary climate parameters (e.g., relative
umidity, global radiation or wind speed). Nonetheless, several stud-
es ( Hargreaves and Allen, 2003; Mohammed and Scholz, 2017; Spinoni
t al., 2017 ) have shown that the Hargreaves–Samani approach deliv-
rs well usable results that are closer to the reference PET computed
y the Penman–Monteith formulation than those obtained with the
hornthwaite approach ( Thornthwaite, 1948 ). The chosen Hargreaves–
amani approach was already successfully applied in other drought
rend studies ( Spinoni et al., 2017 , 2018 ), as was the less suitable
hornthwaite approach ( Briﬀa et al., 2009; Spinoni et al., 2015a , b ).
tagge et al. (2014) have shown that the SPEI values are most sensi-
ive to the chosen PET equation during spring and winter, while the
est agreements were observed in summer. 
.3. Analysis approach 
The indices are calculated for seasons (Spring: MAM, Summer: JJA,
utumn: SON, Winter: DJF). Additionally, two periods describing im-
ortant agricultural vegetation periods are considered. These are the
rst or early vegetation period (VP-I: AMJ) and the second or late veg-
tation period (VP-II: JAS). 
The drought indices (DI) are standardized using the same approach
s applied for RAI and WBAI, so that the magnitude of index values and
espective trends are well comparable. For deriving the standardized
rought indices (SDI) this generalized formula is applied: 
 𝐷 𝐼 𝑖 = ± 𝑆 𝐹 ∗ 
𝐷 𝐼 𝑖 − 𝐷𝐼 
?̄? − 𝐷𝐼 
here 
DI i = Drought index month i 
𝐷𝐼 = Median drought index of the base period 1961–2010 for the
espective month 
?̄? = Mean of the 10% most extreme drought index values of the base
eriod 1961–2010 for the respective month. For negative anomalies of
 𝐼 𝑖 − 𝐷𝐼 the events below the 10th percentile are used and for positive
nomalies those above the 90th percentile. 
± SF = Scaling factor (positive for DI ≥ 𝐷𝐼 , and negative for DI i < 𝐷𝐼 )
The resulting standardized index values have the same range and
an be easily averaged in order to obtain an aggregated evaluation of
rought conditions. The Aggregated Drought Evaluation (ADE, Table 1 )
s computed by averaging mRAI, WBAI, the mean of the standardized
ersions of the three indices related to DD (DD, AvD, CDD) and the
ean of the standardized versions of the three indices related to LPD
LPD, AvL, CLPD). 
Applying the standardization approach described for the drought in-
ices to the heavy precipitation indices resulted in some problems for
he index R99pT, as there are too many years with zero precipitation due
o events above the 99th percentile of each season. For an index mean
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Table 3 
Classiﬁcation of trend values used for the illustration of the spatial consistence of seasonal trends (for index abbrevi- 
ations please refer to Table 1 ). 
Trend category Description Standardized drought indices MxRR/ R95pT R99pT AHP 
Very wet Strong wetting trend > 1.0 > 40% > 70% > 54% 
Wet Wetting trend 0.5 to 1.0 20 to 40% 35 to 70% 27 to 54% 
Slightly wet Slight wetting trend 0.25 to 0.5 10 to 20% 17 to 35% 13 to 27% 
Indiﬀerent No trend − 0.25 to 0.25 − 10 to 10% − 17 to 17% − 13 to 13% 
Slightly dry Slight drying trend − 0.5 to − 0.25 − 20 to − 10% − 35 to − 17% − 27 to − 13% 
Dry Drying trend − 1.0 to − 0.5 − 40 to − 20% − 70 to − 35% − 54 to − 27% 
Very dry Strong drying trend < − 1.0 < − 40% < − 70% < − 54% 
Fig. 2. Linear relationship between the relative linear trends and their respective counterparts for the standardized values of the indices MxRR, R95pT and R99pT. 
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Fig. 3. Linear relationship between the relative linear seasonal AHP trends and 
their respective counterparts for the standardized AHP values. 
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cf zero the standardization is not possible (division by zero). Further-
ore, the simple standardization procedure does not work properly for
istributions with a high skewness or a lower/upper bound close/equal
o the average of the ﬁve lowest/highest values. 
The trends are computed using linear regression. They are classiﬁed
nto seven categories according to trend magnitude ( Table 3 ) for the
llustration in trend maps and the comparison of individual indices in
ummarizing graphs of seasonal trends. The trend maps illustrate the
patial consistence of the seasonal trends, while the summarizing graphs
llow for a straightforward comparison of diﬀerent regions, seasons and
ndices. 
In order to obtain well comparable trend classes for the relative
rends of R95pT, R99pT and MxRR to those of the standardized drought
ndices a linear regression between the trends of the standardized and
he non-standardized indices was applied for all seasons and all sta-
ions where the standardization was possible ( Fig. 2 ). Additionally, we
xcluded very low (standardized index values < − 2.0) and very high
 > 2.0) index values, as they often showed distinct deviations from the
inear relationship. Based on the rounded values of the linear regres-
ion equation the thresholds of the drought classes in Table 3 were
erived. 
For an aggregated evaluation of heavy precipitation (AHP, Table 1 )
he relative anomalies of the three heavy precipitation indices were av-
raged. Based on the linear relationship ( Fig. 3 ) between the seasonal
rends for these relative anomalies and those for the standardized ver-
ion of this index, thresholds for the drought classes for AHP were de-
ived ( Table 3 ). 
. Results 
.1. Spatiotemporal drought characteristics 
Using relative indices shows that despite regional diﬀerences in the
agnitude of average and extreme precipitation totals there are quite
imilar deviations from normal conditions over large parts of the study
rea during many years ( Fig. 4 a and b). A high percentage of stations57 ith drought conditions (according to mRAI-12 and WBAI-12) occurred
uring 1953/54, 1959/60, 1962–65, 1971–74, 1976, 1982–84, 1990–
2, 2003, 2015 ( Fig. 4 a–c; Fig. 6 ). During these phases diﬀerent parts
f the study area may be aﬀected by drought conditions in diﬀerent
xtent. For example, the drought period of 1953/54 has been particu-
arly long and pronounced in the Eastern part of the study area, the one
f 1982–84 aﬀected mainly the Eastern and Central part, and another
rought event in 1996/97 was most evident in the Northern and Western
art. 
Between 1951 and 1990 there has been a clear alternation between
eriods with predominantly wet and dry conditions over the study area,
ach of them reaching high spatial coverages ( Fig. 4 a–c). During the last
–3 decades the pattern became patchier, meaning that the regional
ariability increased. This is also visible in the low pass ﬁltered time
eries of spatial coverage ( Fig. 4 d), where since the mid-1990s the time
eries of wet and dry period coverage show a less pronounced peaks
ompared to the decades before. 
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 4. Spatiotemporal drought pattern over the 
study area (each row represents one station; grey 
colors illustrate missing data) with dry (orange) and 
wet (blue) periods based on (a) rainfall data (mRAI- 
12) and (b) climatic water balance data (WBAI-12) 
in monthly resolution. Time series of the percent- 
age of stations (c) under drought conditions compar- 
ing mRAI-12 and WBAI-12, and (d) under wet and 
drought conditions comparing mRAI-12 and WBAI- 
12 (60-month running average) including their re- 
spective linear trends for 1951–2015. (For interpre- 
tation of the references to colour in this ﬁgure leg- 
end, the reader is referred to the web version of this 
article.) 
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Fig. 5. Time series (60-month running average) of the 
duration of mRAI and WBAI dry (DP) and wet peri- 
ods (WP) for the timescale of (a) 3 months and (b) 12 
months. Displayed are also the respective linear trends 
for 1951–2015. 
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d  The analysis of drought periods (DP) and periods of sustained wet
onditions (WP) for the indices mRAI and WBAI shows a decreasing
uration for both, DP and WP, at the timescale of 3 months ( Fig. 5 a).
he duration of dry and wet periods at the longer timescale of 12 months
s decreasing for WBAI wet periods and mRAI dry periods over the study
rea, while there are no changes for WBAI dry periods and mRAI wet
eriods ( Fig. 5 b). The strong decrease of the duration of WBAI-12 wet
eriods matches the decrease in the spatial coverage of WBAI-12 WP.
veraged over the entire study area, the longest dry periods based on
RAI-3 and WBAI-3 occurred at the beginning of the 1960s and the
ongest wet periods between 1965 and 1969. The longest wet periods of
RAI and WBAI at the 12-month-timescale area occurred in 1967/68,
hile there are two DP of similarly long duration of mRAI-12 and WBAI-
2, namely 1957 and 1992–94. 
Figs. 4–6 also allow comparing the inﬂuence of the index deﬁni-
ion on the depiction of spatiotemporal drought pattern and variations.
he general pattern of the purely precipitation based index mRAI are
ery well comparable to those of the WBAI which includes information
n temperature and evapotranspiration, respectively. Nonetheless, since
bout the 1990s the spatial coverage and duration of drought periods is
n many cases higher for the WBAI as compared to the mRAI, while
efore 1990 percentage of drought aﬀected stations was frequently
igher for the precipitation based index mRAI. This observation is con-
ected to the general temperature increase in the study area ( Fig. 6 d)
nd the accordingly increased evapotranspiration rates that may aggra-
ate drought conditions caused by a rainfall deﬁcit. Since the 1990s
he diﬀerence between the WBAI-12 and the mRAI-12 is negative al-
ost the entire time, while before the 1990s there were many phases
ith positive deviations ( Fig. 6 c). Thus drought conditions may be un-
erestimated in recent times if a purely precipitation based index is
pplied. 
The index selection also inﬂuences the drought trends, as the increas-
ng evapotranspiration rates might oﬀset or even overcompensate indis-
inct or slightly positive precipitation trends as well as enhance existing
rends towards precipitation decreases ( Fig. 4 d). While the percentage
f stations under drought conditions has decreased between 1951 and
015 from 36% to 28% for the mRAI, it increased from about 30% to
5% for the WBAI. Similar is true for the wet periods, where no change
n the percentage of wet period aﬀected stations (around 27%) has been
bserved for the mRAI, but a distinct negative trend occurs for the WBAI59 from 35% to 22%). Under consideration of the climatic water balance
he average spatial coverage of drought periods has increased over the
tudy area with a decreasing year to year variability and lower maxi-
um values. 
.2. Drought characteristics at diﬀerent timescales 
The indices mRAI and WBAI have been calculated at diﬀerent
imescales between 1 and 24 months. These timescales are connected to
iﬀerent types of drought with the short timescales (e.g. 1 month) repre-
enting meteorological drought, the longer timescales of 3 to 6 months
epresenting agricultural drought and the longest timescales of 12 and
4 months representing drought in hydrological systems under natural
ow conditions. The longer the timescale the smoother the index time
eries and the longer the duration of dry and wet phases, respectively
 Fig. 7 ). Displayed here, are only the time series of WBAI, as those of
AI show a similar temporal development (refer to Fig. 6 for the 12-
onth timescale). One event (1989–1993) sticks out by an unusually
ong duration, particularly at long timescales of 12 and 24 months rep-
esenting hydrological drought conditions. Other events are character-
zed by a high magnitude of the regionally averaged drought intensity
e.g., 1953, 1959, 2002 and 2015). 
Table 4 gives an overview on the ﬁve driest events at each timescale.
hereby only independent events have been considered. As there is a
igh autocorrelation of the index values at longer timescales, low index
alues tend to be followed by low ones. The ﬁve driest months occurred
ll between September and April and not during the summer months.
his is probably connected to a larger spatial variability of precipita-
ion over the study area during the summer months. Within smaller
egions very low index values may be also reached during the sum-
er months. Three of the driest months occurred after the year 2000,
amely April 2007, November 2011 and March 2012, which is proba-
ly related to the increasing earth surface temperatures over the study
rea. 
The driest 3-month periods ended between November and May.
ome of these events comprise one of the driest months, e.g. Nov
959 for WBAI-3 and Sep 1959 for WBAI-1, May/2012 for WBAI-3 and
ar/2012 for WBAI-1. Two of the ﬁve driest three month periods refer
o the spring season (May 2011 and 2012) and thus strongly inﬂuence
rought intensity trends of spring. Such drought events at timescales
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 6. Time series (average over the study area) of (a) RAI-12, (b) WBAI-12, (c) the diﬀerence between both indices indicating the inﬂuence of temperature on the 
drought evaluation and (d) the 12-month averaged anomalies of temperature. 
Table 4 
Five driest events (only temporally independent ones refereeing to diﬀerent drought events) identiﬁed by the WBAI at diﬀerent 
timescales (1, 3, 6, 12 and 24 months). Dependent months (such cases belonging to the same drought events) with index values 
below those of the ﬁfth driest event are given in brackets. For timescales larger than one month only the last month of the 
calculation period is stated. 
Rank 1 month 3 months 6 months 12 months 24 months 
1 Nov 2011 Nov 1959 (Oct) Feb 1954 (Jan, Mar; Dec 1953) Oct 1959 (Dec, Nov; Jan–Apr 1960) July 1964 (Aug, Sep) 
2 Sep 1959 Dec 1953 (Nov) Aug 2003 (Jun, Sep) Nov 2003 (Oct, Dec; Jan 2004) June 1960 (May) 
3 Apr 2007 May 2011 July 1976 Feb 1954 (Jan, Mar, Jun; Dec 1953) Oct 2015 (Sep) 
4 Dec 1972 Mar 1972 Feb 1960 Oct 2015 (Aug, Sep) Dec 1983 (Jan 1984) 
5 Mar 2012 May 2012 Mar 1972 Aug 1976 March 1954 
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tetween 3 and 6 months aﬀecting the vegetation period often have
egative impacts on agricultural yields. At the timescale of six months
eb/1954, Aug/2003 and Jul/1976 have been the end months of the
hree driest periods. These periods are also represented by the driest
vents at the 12-month timescale, but at this timescale the periods end-
ng in Oct/1959 and Nov/2003 have been even drier. At a timescale
f 24-months several drought events at the beginning of the 1960s are
umulated leading to the most intense drought value for Jul/1964. Sim-
lar is true for the beginning of the 1980s, where the lowest WBAI-
4 value is reached in Dec/1983. Such long drought events are of-
en strongly aﬀecting regional water supplies and are generally con-60 ected with low water levels in seas and reservoirs and low groundwater
evels. 
.3. Seasonal characteristics and trends 
The seasonal drought characteristics and trends are illustrated in
igs. 8 and 9 for the Aggregated Drought Evaluation (ADE) index. This
ndex averages all eight drought indices considered in this study after ap-
lying the same standardization approach as used for mRAI and WBAI.
ore speciﬁc information and ﬁgures on individual indices are given in
he supplementary material for each season (Supplement 1 to 4). 
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Fig. 7. Time series (regional average over the study area) of WBAI on diﬀerent timescales (1, 3, 6, 12 and 24 months). 
3
 
a  
i  
v  
t  
v  
d  
d  
E  
3  
n  
r  
c  
p  
(  
t  
y
3
 
a  
h  .3.1. Temporal drought variability 
The ADE time series show a strong year to year and decadal vari-
bility of drought conditions over the entire study area ( Fig. 8 ). For
nstance, the 1950s were characterized by very dry spring seasons and
ery wet summers. Thus, computed seasonal trends strongly depend on
he start year/decade. The 31-year moving averages of regional index
alues illustrate regional diﬀerences in the long-term variability of
rought characteristics ( Fig. 8 ). Often, the sub-region East behaves most
iﬀerent from the other regions. In all sub-regions, except for region
ast, the winters in recent decades were wetter than normal (regional
1-averages above zero). The recent spring seasons have been drier than
ormal (regional 31-averages below zero). For the summer season, the i  
61 egional 31-averages decrease in the ﬁrst half of the study period indi-
ating a trend towards drier conditions. In the second half of the study
eriod a slight increase towards wetter conditions (North) or stagnation
East) is visible. The regional 31-averages of ADE for autumn increase
ill the beginning of the 21st century and slightly decrease in recent
ears. 
.3.2. Driest seasons 
The three driest seasons based on ADE over the entire study area
nd in each sub-region are summarized in Table 5 . The driest winters
ave been 1963/64, 1972/73 and 1995/96, the driest springs occurred
n 2011, 1953 and 1976, the driest summers in 1976, 1983 and 2003
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 8. Seasonal time series of the regionally averaged Aggregated Drought Evaluation ADE index. The grey lines indicate the averaged ADE values of 1951–1960, 
1961–1990 and 1991–2015. The index values for the four sub-regions are displayed as 31-year moving averages. 
Table 5 
Three driest years per season and sub-region, as identiﬁed by ADE (Aggregated drought evaluation) that integrates all 
considered drought indices. 
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Fig. 9. Seasonal trends (linear regression) of ADE comparing the periods 1951–2015 and 1961–2015. 
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n  
t  
s  nd the driest autumns in 1959, 1953 and 2011. The driest season for
he entire study area also ranks under the TOP 3 events in almost all
ub-regions. This fact indicates that these drought events have been spa-
ially very widespread and probably cover neighboring countries. The
trongest similarities between the TOP 3 years of the entire study area
nd those of the sub-regions occur for region Central. Here 2–3 of the
hree sub-regionally driest years per season are under the entire TOP
. Region Central is situated in the middle of the study area and thus
aptures drought events whose spatial focus is more to the west and the
ast, respectively. 
In 1953 and 2011 spring and autumn have been very dry, while
he summer of 1953 had normal precipitation and the summer of 2011
as the second wettest in the ADE time series. In 1976 one of the
riest springs was followed by the driest summer. This drought af-
ected particularly the sub-regions West and Central, and during sum-
er also sub-region North. The three driest summers in sub-region East,
amely 2015, 1992 and 1994, are completely diﬀerent from those of
he other three sub-regions. The summers of 1983, 2003 and 1976 rank63 ourth, ﬁfth and sixth driest summer in the ADE series of sub-region
ast, while 2015 was the fourth driest summer in sub-region Central
s well as averaged over the entire study area. The autumn of 1959
ticks out by unusually low ADE values in all three sub-regions and
hus also over the entire study area. The entire eight drought indices
sed within this study show pronounced drought conditions over the
ntire study area during autumn 1959. At the 3-month timescale of
BAI November 1959 (SON) has already been identiﬁed as driest, De-
ember 1953 (OND) as the second driest and May 2011 (MAM) as the
hird driest event ( Table 4 ). These assessment based on one drought
ndex are conﬁrmed by the other drought indices that are integrated
n ADE. 
.3.3. Seasonal drought trends 
The maps illustrating the seasonal trends ( Fig. 9 ) show predomi-
antly increasing drought conditions in spring and summer and wetting
rends in autumn and winter for both study periods. For the winter sea-
on there are few drying trends in the southern part of the sub-regions
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 10. ADE trends (linear regression) of the two vegetation periods comparing the periods 1951–2015 and 1961–2015. 
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s  est and East during both study periods. Trends towards drier autumns
re observed in sub-region East during 1961–2015 (except for the sta-
ions in the South of this region). During the ten years longer study
eriod these stations show slightly negative or no trends. The drying
rends of spring are more pronounced during 1961–2015 than for the
en year longer period 1951–2015, which is connected to the excep-
ionally dry springs during the 1950s ( Fig. 8 ). Furthermore, a West-East
radient in trend magnitude and direction is visible in spring with the
ost pronounced drying trends in the West (Germany) and slight wet-
ing trends in Northern and Eastern Poland ( Fig. 9 ). The trend towards
tronger drought conditions during summer is most pronounced in sub-
egion West (western Germany) during 1951–2015. During this period
he summer ADE trends are very small in sub-region East. The trend
attern change in the ten year shorter period 1961–2015. Here, trends
owards drier conditions prevail in sub-region West and in the South
f sub-region East, while the Central and Northern part of the study
rea show slight wetting or no trends. These diﬀerences in the trends
etween the two study periods are connected to wet summers in the
950s ( Fig. 8 ). 
.3.4. Vegetation periods 
Shifting the season by one month as done by the deﬁnition of two
egetation periods shows a strong inﬂuence on the identiﬁed three dri-
st seasons ( Table 5 ) as well as on the trends ( Figs. 6–8 ). Comparing
he record dry years of the vegetation periods with those of spring and
ummer ( Table 5 ) shows that there are only very few overlaps in the
dentiﬁed three driest years between VP-I (AMJ) and spring (MAM), as
ell as between VP-II (JAS) and summer (JJA). 
The trend patterns of the two vegetation periods that are shifted by
ne month with respect to the spring and summer season show some
imilarities, but also some diﬀerences ( Figs. 10 and 11 ). The drying
rends for both study periods are ampliﬁed if the ﬁrst vegetation pe-
iod (AMJ) is considered instead of the spring season. For the spring
eason the drying trends have been dampened by the wetting trends of
arch as apparent in the seasonal cycle trends ( Fig. 18 ). The West-East
radient in the trend magnitudes described for spring is also visible in
he trends of the ﬁrst vegetation period with the most pronounced dry-
ng trends in the West and comparatively small trends in the East of the64 tudy area ( Figs. 10 and 11 ). Considering the second vegetation period
JAS) instead of summer delivers less frequent and less pronounced dry-
ng trends than observed for the summer season ( Figs. 10 and 11 ). This
s connected to the wetting trends during September as illustrated in
ig. 18 . 
.3.5. Trend characteristics of individual drought indices 
Seasonal trends for individual drought indices are described the sup-
lementary material (Supplement 1 to Supplement 4). The Figs 11 and
2 give an overview on all computed index trends. As illustrated by the
egend of Fig. 11 , the diﬀerent indices are arranged along the x-axis
nd the stations along the y-axis. A continuous color scale from blue for
etting over white (no trend) to red for drying trends is used. The scal-
ng is done based on the values given in Table 3 . Thereby, the ordering
f the stations follows the one used in Table SM-1. Fig. 11 shows that
agnitude and sometimes even direction of drought trends depend on
he chosen index, as each index captures diﬀerent characteristics of a
rought event. 
Fig. 12 presents a more aggregated evaluation of the trends of indi-
idual indices by displaying the percentage of stations within the seven
rend classes described in Table 3 . It shows that the WBAI identiﬁes most
requently trends towards more intense drought conditions in spring,
ummer and the two vegetation periods. The percentage of stations with
rends towards increased drought conditions in spring (and less pro-
ounced the ﬁrst vegetation period) is generally higher for indices con-
ected with dry days than those related to low precipitation days (daily
recipitation below 5 mm). 
For the other seasons the diﬀerences in the percentages of stations
ith drought trends are less pronounced than in spring. Both Figs.
1 and 12 illustrate that the strongest drought trends over all considered
rought indices, stations and study periods occur in sub-region West dur-
ng the ﬁrst vegetation period and during spring of period 1961–2015. 
.4. Changes in heavy precipitation 
While the focus of our analysis is on drought, we included also a
mall selection of heavy precipitation indices (see Table 1 ) in our analy-
is. For an aggregated evaluation of heavy precipitation anomalies and
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 11. Matrix of seasonal station trends (linear regression; same sequence of stations as in Table SM-1) for two monthly drought indices (mRAI and WBAI), six daily 
drought indices (DD, AvD, CDD, LPD, AvLP, CLPD) and three heavy precipitation indices (MxRR, R95pT, R99pT) comparing the analysis periods 1951–2015 and 
1961–2015. The trend magnitude is illustrated by a color scale with blue representing trends towards wetter conditions over white ( = no trend) to red representing 
trends towards drier conditions. Crosshatched cells indicate that no trend was computed due to insuﬃcient data availability (more than 10% missing values). (For 
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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Fig. 12. Spatial trend homogeneity illustrated by the percentage of stations with positive and negative trends (in 7 categories; see Table 3 ) for 11 indices (see 
Table 1 ) for the seasons and vegetation periods comparing the periods 1951–2015 and 1961–2015. 
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Fig. 13. Seasonal time series of the regionally averaged relative anomalies of three heavy precipitation indices (MxRR, R95pT and R99pT). The grey lines indicate 
the averaged anomalies of 1951–1960, 1961–1990 and 1991–2015. The anomalies for the four sub-regions are displayed as 31-year moving averages. 
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p  rends the indices were expressed as relative anomalies from the nor-
al conditions of 1961–1990. In the following ﬁgures and in Table 6
he regional average of the mean anomaly of MxRR, R95pT and R99pT
this average is furthermore abbreviated as AHP) as well as the respec-
ive trends are displayed and interpreted. Speciﬁc seasonal assessments
or the index R99pT are presented in the supplementary material (Sup-
lement 1 to Supplement 4). The display of station trends for all three
eavy precipitation indices in Figs. 11 and 12 allows for a direct com-
arison between drought and heavy precipitation trends in individual
easons. 
Fig. 13 presents the seasonal AHP time series. In all seasons the av-
rage of 1991–2015 is higher than the one of 1961–1990, indicating
n increase in heavy precipitation in recent decades. In winter this in-
rease is obvious in all sub-regions except for the Eastern part of the
tudy area. During spring the strongest positive deviation from normal
onditions in recent decades occurs in sub-region West, while those dur-
ng summer are highest sub-region Central and those during Autumn
n the sub-regions North and East. The spring (2013) and the summer
2002) with the most pronounced positive heavy precipitation anomaly
ccurred both in the 21st century. Table 6 gives an overview on the
hree wettest years according to AHP for each season and the two veg-
tation periods. The winters with most pronounced heavy precipita-
ion events occurred in 1962, 1966 and 2004. All three summers with
he most extreme precipitation occurred in the 21st century, namely
002, 2010 and 2013. Spring seasons with exceptionally pronounced
eavy precipitation have been 2013, 1981 and 2014, while the three
ost extreme autumns occurred in 1998, 2010 and 1984. The record
ears of heavy precipitation for individual sub-regions show less sim-
larities to those described for the entire study area as compared to
he Aggregated Drought Evaluation presented in Table 5 . This indicates
hat heavy precipitation events are spatially less extended than drought
vents leading to more distinctive diﬀerences in the characteristics of the
ub-regions. 67 In all seasons stations with increasing AHP-trends prevail over those
howing decreases ( Fig. 14 ). Generally, the AHP trends ( Fig. 14 ) are
patially more variable than the ADE trends ( Fig. 9 ) with neighboring
tations showing opposite trends. The two study periods generally don’t
how as spatially consistent diﬀerences in trend magnitude and direction
f heavy precipitation as described for the drought indices. Just during
ummer there are considerably more and higher increasing AHP-trends
n sub-region Central for the shorter period 1961–2015 as compared
o 1951–2015. For the second vegetation period (JAS) this pattern of
ncreasing AHP trends in period 1961–2015 stretches even more to the
est ( Fig. 15 ). The ﬁrst vegetation period (AMJ) shows considerably
ess increasing heavy precipitation trends during both study periods than
bserved for spring, indicating that the positive AHP-trends of spring are
robably connected to the precipitation increases in March ( Fig. 18 b). 
.5. Temporal stability of trends 
The comparison of the trends of the two study periods of 55 and 65
ears duration already showed distinct diﬀerences in trend magnitude
nd direction, indicating that the times series are a bit short for a robust
dentiﬁcation of long-term trends in drought and heavy precipitation
ver Central Europe. A moving 30-year trend analysis was performed for
ach season in order to assess the temporal stability of drought ( Fig. 16 )
nd heavy precipitation ( Fig. 17 ) trends. During all seasons the region-
lly averaged 30-year trends alternate between positive and negative
nes showing the trends of no season are stable over time, due to the
ronounced (multi)decadal variability of precipitation. But for each sea-
on one trend direction is prevailing leading to the respective long-term
rends described in Sections 3.3 and 3.4 . More 30-year trends indicate
ncreasing drought conditions in spring and summer, while in autumn
nd winter the majority of trends point towards decreasing drought con-
itions ( Fig. 16 ). 30-year trends towards increasing heavy precipitation
revail in autumn, winter and spring. For the summer season slightly
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Fig. 14. Seasonal trends (linear regression) of AHP (averaged anomalies of the heavy precipitation indices MxRR, R95pT and R99pT) comparing the periods 1951–
2015 and 1961–2015. 
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Sore negative than positive AHP-trends occur, but since 1973–2002 the
egionally averaged trends have been consistently positive indicating in-
reasing heavy precipitation in recent years. The same development, but
ess pronounced and a bit later (since 1981–2010) has been observed for
he ADE summer trends. 
Although there are sometimes distinct diﬀerences in the trend mag-
itude of the sub-regions there are similarities in the ups and downs of
he regional averages particularly for the drought trends (without dis-
lay). For the heavy precipitation trends there are much less similarities
n the course of the sub-regional trend time series, indicating the lower
patial coverage of heavy precipitation events in comparison to drought.
.6. Seasonal cycle – characteristics and trends 
Changes in the seasonal cycle of temperature, precipitation and wa-
er balance are studied as a basis for evaluating the seasonal drought
rends of diﬀerent drought indices. The seasonal cycles of temperature68 nd precipitation ( Fig. 18 ) show the typical characteristics of a tem-
erate climate on the Northern hemisphere with average winter tem-
eratures below zero, average summer temperatures above 15 °C and
recipitation throughout the entire year. The climatic water balance is
ositive during the winter half year, while there is on average a water
eﬁcit between April and September. 
Within period 1951–2015 average temperature increased in the
tudy area during all months by on average 1.6 K (0.6–2.7 K), with the
owest increases during June and the autumn months. The spatial vari-
bility of the temperature trends as depicted by the standard deviation
f station trends within Fig. 18 and by the regionally averaged trends in
ig. 19 is quite low. Precipitation trends show a much larger variability
uring the course of the year and also a much higher spatial variability
f trend values. Decreasing precipitation trends for period 1951–2015
ainly occur during April, June to August and end of November, while
he strongest precipitation increases were observed for March, June and
eptember. 
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Table 6 
Three wettest years per season and sub-region with the strongest averaged anomaly of heavy precipitation indices (AHP: 
relative anomalies in percent of MxRR, R95pT and R99pT). 
Fig. 15. AHP-trends (linear regression) for the two vegetation periods (VP-I: AMJ; VP-II: JAS) comparing the study periods 1951–2015 and 1961–2015. 
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tThe trend directions of the climatic water balance are simi-
ar to those of precipitation, but due to the temperature increases
here are more frequent and more pronounced negative water bal-
nce trends compared to negative precipitation trends. The most
ronounced negative trends are observed for April and July to
ugust leading to an intensiﬁcation of the naturally occurring69 ater deﬁcit during those months. A distinct increase in water bal-
nce is only observed in September, the month with a comparatively
ow temperature increase and the most pronounced precipitation in-
rease. The described diﬀerences in the trend direction and magni-
ude for adjacent months may lead to inconclusive seasonal or annual
rends. 
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Fig. 16. Display of 30-year trends of ADE starting from 1951–1980 till 1986–2015 for the entire study area. 
Fig. 17. Display of 30-year trends of the averaged heavy precipitation index anomalies starting from 1951–1980 till 1986–2015 for the entire study area. 
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Fig. 18. Seasonal cycle of (a) average daily temperature, (b) daily rainfall totals, 
and (c) daily water balance. The black line is the average for 1961–1990 and the 
grey band the spatial standard deviation. Additionally displayed are the daily 
linear trends for 1951–2015 (31-day moving average) together with the spatial 
standard deviation of trend values (brown band). 
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s  Fig. 19 gives a ﬁrst impression of the temporal trend stability by
omparing the regionally averaged trends of the periods 1961–2015
nd 1951–2015. Generally, the intra-annual diﬀerences are larger for
he 10 year shorter period 1961–2015. This indicates that such sea-
onal trend diﬀerences are likely inﬂuenced by chance even for pe-
iods longer than 50 years and thus should not be overinterpreted.
onetheless, the comparatively strong temperature increases during
pril to May, July to August and December to January are visible for
oth study periods as well as for the daily minimum and maximum
emperature. 
With respect to drought conditions, the decrease in precipitation and
ater balance in April is the temporally and spatially most stable trend
ignal. Comparing the trends of the four sub-regions ( Fig. 19 ) shows
hat ﬁrst the regional variability of temperature trends is lower than the
ne of trends related to precipitation and second there is an East-West
radient in trend magnitude during many times of the year. Sometimes,71 lso the coastal areas in the North of the study area show trend values
ost diﬀerent from the other regions. 
. Discussion 
While many drought studies focus on long-term accumulation peri-
ds without taking into account the seasonality of droughts, we have
nalyzed the seasonal and regional drought pattern within Central Eu-
ope (Germany, Poland, Czech Republic) using eight drought indices,
ncompassing mRAI (similar to SPI), WBAI (similar to SPEI), dry period
ndices based on the thresholds of 1 mm/day and 5 mm/day. Changes in
he seasonal timing of drought are important for dealing with drought
mpacts and taking management decisions. 
Based on the aggregated evaluation of eight drought indices the
OP3 of the driest seasons were identiﬁed (spring: 2011, 1953,
976; summer: 1976, 1982, 2003; autumn: 1959, 1953, 2011; win-
er: 1963/64, 1971/72, 2013/14). Additionally the seasons with the
ost pronounced heavy precipitation were identiﬁed using three heavy
recipitation indices (spring: 2013, 1981, 2014; summer: 2002, 2010,
013; autumn: 1998, 2010, 1984; winter: 1961/62, 1965/66, 2003/04).
n accumulation of the seasonal TOP3 in recent decades is observed for
he studied heavy precipitation indices in spring, summer and autumn
nd also under the TOP3 drought seasons is always a year of the begin-
ing of the 21st Century, indicating that drought and heavy precipita-
ion are relevant hazards in recent times in Central Europe. 
The study of changes in the drought conditions within 1951–2015
hows that trends towards drier conditions are prevailing in spring
nd less pronounced in summer, while the autumn and to a lesser
xtent the winter months show mainly trends towards wetter con-
itions. This ﬁts the results obtained by other studies. For instance
pinoni et al. (2017) describe increases in drought severity and fre-
uency during spring (1950–2015) and summer (1950–2014) based
n the SPEI and unclear trends based on SPI. For autumn and winter
heir study presents decreasing trends in drought frequency and sever-
ty during 1950–2014 based on the SPI and indiﬀerent SPEI trends.
pinoni et al. (2018) obtain similar seasonal drought frequency trends
or 1951–2010 based on an combined drought indicator integrating SPI,
PEI and the Reconnaissance Drought Index RDI ( Tsakiris and Van-
elis, 2005 ) with an increasing drought frequency in spring, moder-
te increases in summer and mixed tendencies in autumn and winter.
or Central Eastern Poland Radzka (2015) described increasing drought
onditions for the vegetation period (AMJJAS) within period 1971–
005. 
With regard to the temporal stability of trends we found similari-
ies in the general spatial trend patterns for 1951–2015 and the 10 year
horter period 1961–2015, but there are also some distinct dependen-
ies of trend magnitude and sometimes direction on the study period.
pinoni et al. (2017) also describe dependencies of the trend direction
n the study period and the inﬂuence of individual drought events at
he beginning and the end of the study period on the computed trends.
or 1981–2014/15 they describe increases in drought frequency also
or the SPI, while the summer trends of SPEI are now indiﬀerent and
he winter trends increasing. The analysis of moving 30-year trends
howed restricting in the relevance of linear trends due to pronounced
ulti-decadal variations in precipitation and drought characteristics.
or instance, Haslinger and Bloschl (2017) describe multidecadal vari-
tions of drought frequency, duration, intensity, and severity for the
reater Alpine Region within period 1780 and 2014, but no consistent
rends. Particularly dry or wet decades at the beginning or the end of the
tudy period strongly inﬂuence the results of trend analyses. Generally,
he drought trends for 1961–2015 are more pronounced than those for
951–2015 as the 1950s have been a very dry decade in Europe ( Briﬀa
t al., 1994; Lloyd ‐Hughes and Saunders, 2002; Van der Schrier et al.,
006 ). 
The trends not only depend on the study period, but also on the sea-
on deﬁnition, as the comparison of spring (MAM) and VP-I (AMJ) as
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
Fig. 19. Regional averages of daily linear trends (31 day moving average) for (a) average temperature, (b) maximum temperature, (c) minimum temperature, (d) 
precipitation total and (e) water balance for the periods 1951–2015 (left panels) and 1961–2015 (right panels). 
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Fig. 20. Comparison of the Aggregated Drought Evaluation (ADE) and Averaged Heavy Precipitation (AHP) station trends for the seasons and vegetation periods 
for study period 1961–2010. The regional classiﬁcation of the stations is indicated by diﬀerent colors of the symbols. (For interpretation of the references to colour 
in this ﬁgure legend, the reader is referred to the web version of this article.) 
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autumn. ell as summer (JJA) and VP-II (JAS) shows. The analysis of smoothed
aily trends show the strongest drought trends during April and within
he regions West and Central also in June, leading to more pronounced
rought trends of VP-I in comparison to spring. Furthermore, the study
f daily precipitation and water balance trends over the seasonal cy-
le shows a wetting trend in March and September. This coincides with
ore drying trends in summer as compared to VP-II. The larger temper-
ture increases from mid-July to mid-August in comparison to June lead
o an intensiﬁcation of drought trends of WBAI during this period. For
nstance, the WBAI trends of July/August for region West reach a similar
agnitude like those within June, despite less pronounced precipitation
ecreases. The analysis of daily trends within the seasonal cycle shows
hat with permanently deﬁned seasons the identiﬁcation of the strongest
rying during the seasonal cycle is not possible. 
The trends towards pronounced drought conditions in spring and
ummer do not exclude trends toward more frequent heavy precipita-
ion events, but often diﬀerent stations and regions, respectively, are
ontributing most to these regional trends. Fig. 20 shows for each sta-
ion the magnitude of drought (ADE index) in comparison to heavy pre-
ipitation (AHP) trends of period 1961–2015. 
Generally, there is a more or less pronounced correlation between
he drought and heavy precipitation trends ( Fig. 20 ). Stations show-
ng a strong drying trend have on average a negative or at least a
maller positive heavy precipitation trend than those with a wetting
rend. In spring and VP-I this relationship between ADE and AHP trends
s shifted towards drying trends, so that there are more stations with
imultaneous trends towards more drought and more heavy precipi-
ation than in the other seasons. This is particularly pronounced for
egion west during spring, where all stations show drying trends and73 he majority at the same time also an increase in heavy precipitation.
hese simultaneous trends of increase drought conditions and heavy
recipitation events still may refer to diﬀerent months within the sea-
on showing more distinct changes than the other months of the sea-
on. The possible relation of the West-East gradient in drought trends
bserved in spring to the gradient in continentality over the study
rea and changing circulation pattern, respectively, needs to be studied
urther. 
High temperatures, particularly during the warm part of the year,
ead to higher evapotranspiration rates. Such increased PET rates lead
o a drying of soils and enhanced sensible heat ﬂuxes that for their
art again lead to higher temperatures and evapotranspiration rates, re-
pectively. Furthermore, increased PET rates not only intensify drying
n areas with decreasing precipitation trends, but may also drive ar-
as into drought than experience no changes in precipitation or even
how slight precipitation increases ( Cook et al., 2014; Dai, 2011 ).
riﬀa et al. (2009) describe that increasing temperatures have a major
nﬂuence on the trend toward drier summer conditions, particularly in
entral Europe. Several other studies including process oriented stud-
es like from Träger-Chatterjee et al. (2013) and such on future cli-
ate projections as the one by Cook et al. (2014) have demonstrated
he importance of including temperature in the drought assessment in a
arming climate. Hanel et al. (2018) argue that recent seasonal drought
ver Europe were generated by diﬀerent physical processes than their
istorical long-term counterparts. They are often initiated during the
egetation period, while the most extreme drought events during the
ast 250 years, which were longer, more intense and spatially more ex-
ended than the recent events were initiated during late summer/ early
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
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 . Conclusions 
The observed trend towards drier springs and summers is of high rel-
vance for agriculture and forestry, but also for water management (e.g.
eservoir management) or shipping. As the most recent example of 2018
as shown droughts in Central Europe come along with strong harvest
hortfalls for many crops, dying of trees particularly in young planta-
ions, more frequent forest ﬁres, restrictions in inland water transporta-
ion and water limitations for some activities in industry and energy
roduction. With regard to drought impacts also the interaction of pre-
ipitation deﬁcits with extreme temperatures and drying soils is of vital
mportance, as the impact resulting from combined heat and drought ex-
remes are more severe than those of individual extremes ( Hegerl et al.,
011 ). The present study of seasonal drought trends over Central Eu-
ope showed the relevance of rising average earth surface temperature
nd related increases in potential evapotranspiration for the severity of
ecent drought events, particularly during the warm season. Thus, the
nclusion of temperature and accordingly evapotranspiration in the cal-
ulation of drought indices is of high relevance for a reliable assessment
f drought impacts in recent and future decades. 
Despite the regionally averaged trends towards increasing drought
onditions in spring and summer there are at the same time increasing
rends of heavy precipitation related indices. This indicates that during
hese seasons the precipitation characteristics may get more extreme at
oth sides of the probability distribution, meaning that we have to ex-
ect more severe droughts and more extreme heavy precipitation and
elated ﬂash ﬂood and river ﬂooding at the same time. These simultane-
us regionally averaged seasonal trends towards increasing drought and
eavy precipitation are often related to diﬀerent stations/sub-regions
nd/or months. Generally, climate model simulations project a con-
inuation of these trends over Central Europe within the 21st century
 Huang et al., 2015; Osuch et al., 2016; Potopová et al., 2018; Rajczak
nd Schar, 2017; Ruosteenoja et al., 2018; Schwarzak et al., 2015 ) lead-
ng to the conclusion that climate adaptation measures are needed for
oth droughts and ﬂoods. Further studies on the relation of drought
rends with changes in atmospheric circulation could help to explain
he observed West-East-gradient in drought trends. 
cknowledgments 
The author Stephanie Hänsel was supported by the Mary-Hegeler
ost-doctoral scholarship of TU Bergakademie Freiberg. We thank
hristoph Brendel for his technical support in the computation of po-
ential evapotranspiration. 
upplementary material 
Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.advwatres.2019.03.005 . 
eferences 
llen, C.D. , et al. , 2010. A global overview of drought and heat-induced tree mortality re-
veals emerging climate change risks for forests. Forest Ecol. Manag. 259 (4), 660–684 .
llen, R.G. , Pereira, L.S. , Raes, D. , Smith, M. , 1998. Crop Evapotranspiration-Guidelines
For Computing Crop Water Requirements-FAO Irrigation and Drainage Paper 56,
300(9). Fao, Rome . 
achmair, S., Kohn, I., Stahl, K., 2015. Exploring the link between drought
indicators and impacts. Nat. Hazards Earth Syst. Sci. 15 (6), 1381–1397.
https://doi.org/10.5194/nhess-15-1381-2015 . 
razdil, R., et al., 2016. The Central European drought of 1947: causes and conse-
quences, with particular reference to the Czech Lands. Clim. Res. 70 (2-3), 161–178.
https://doi.org/10.3354/cr01387 . 
razdil, R. , Trnka, M. , Mik š ovský, J. , Ř ezníčková, L. , Dobrovolný, P. , 2015. Spring ‐summer
droughts in the Czech Land in 1805–2012 and their forcings. Int. J. Climatol. 35 (7),
1405–1421 . 
riﬀa, K. , Jones, P. , Hulme, M. , 1994. Summer moisture variability across Europe,
1892–1991: an analysis based on the Palmer drought severity index. Int. J. Clima-
tol. 14 (5), 475–506 . 
riﬀa, K.R., van der Schrier, G., Jones, P.D., 2009. Wet and dry summers in Europe since
1750: evidence of increasing drought. 29(13): 1894–1905. doi: 10.1002/joc.1836 . 74 iais, P. , et al. , 2005. Europe-wide reduction in primary productivity caused by the heat
and drought in 2003. Nature 437 (7058), 529 . 
indri ć, K., Pasari ć, Z., Gaji ć- Čapka, M.J.T., Climatology, A., 2010. Spatial and temporal
analysis of dry spells in Croatia. 102(1): 171–184. doi: 10.1007/s00704-010-0250-6 . 
ook, B.I., Smerdon, J.E., Seager, R., Coats, S., 2014. Global warming and 21st century dry-
ing. Clim. Dyn. 43 (9-10), 2607–2627. https://doi.org/10.1007/s00382-014-2075-y .
ai, A., 2011. Drought under global warming: a review. Wiley Interdiscip. Rev. Clim.
Change 2 (1), 45–65. https://doi.org/10.1002/wcc.81 . 
e Bono, A. , Peduzzi, P. , Kluser, S. , Giuliani, G. , 2004. Impacts of Summer 2003 Heat
Wave in Europe . 
ubrovsky, M. , et al. , 2009. Application of relative drought indices in assessing cli-
mate-change impacts on drought conditions in Czechia. Theor. Appl. Climatol. 96
(1-2), 155–171 . 
ink, A.H. , et al. , 2004. The 2003 European summer heatwaves and drought–synoptic
diagnosis and impacts. Weather 59 (8), 209–216 . 
raczyk, D., Kundzewicz, Z.W., 2014. Changes in thermal extremes in Poland. Acta Geo-
phys 62 (6), 1435–1449. https://doi.org/10.2478/s11600-014-0240-7 . 
udmundsson, L., Seneviratne, S.I., 2015. European drought trends. In: Cudennec, C., et al.
(Eds.), Extreme Hydrological Events. Proceedings of the International Association of
Hydrological Sciences (IAHS). Copernicus Gesellschaft Mbh, Gottingen, pp. 75–79.
https://doi.org/10.5194/piahs-369-75-2015 . 
anel, M., et al., 2018. Revisiting the recent European droughts from a long-term perspec-
tive. Sci. Rep. 8 (1), 9499. https://doi.org/10.1038/s41598-018-27464-4 . 
änsel, S. , 2009. Changes in Saxon Precipitation Characteristics: Trends of Extreme Pre-
cipitation and Drought. Cuvillier, Göttingen . 
änsel, S., Schucknecht, A., Matschullat, J., 2016. The Modiﬁed Rainfall Anomaly Index
(mRAI) —is this an alternative to the Standardised Precipitation Index (SPI) in eval-
uating future extreme precipitation characteristics? Theor. Appl. Climatol. 123 (3),
827–844. https://doi.org/10.1007/s00704-015-1389-y . 
argreaves, G.H., Allen, R.G., 2003. History and evaluation of hargreaves evapotran-
spiration equation. J. Irrig. Drain. Eng. 129 (1), 53–63. https://doi.org/10.1061/
(ASCE)0733-9437(2003)129:1(53) . 
argreaves, G.H. , Samani, Z.A. , 1985. Reference crop evapotranspiration from tempera-
ture. Appl. Eng. Agric. 1 (2), 96–99 . 
aslinger, K., Bloschl, G., 2017. Space-Time Patterns of Meteorological Drought Events in
the European Greater Alpine Region Over the Past 210 Years. Water Resour. Res. 53
(11), 9807–9823. https://doi.org/10.1002/2017wr020797 . 
egerl, G.C., Hanlon, H., Beierkuhnlein, C., 2011. Elusive extremes. Nat. Geosci. 4, 142.
https://doi.org/10.1038/ngeo1090 . 
lavinka, P. , et al. , 2015. Water balance, drought stress and yields for rainfed ﬁeld crop
rotations under present and future conditions in the Czech Republic. Clim. Res. 65,
175–192 . 
lavinka, P. , et al. , 2009. Eﬀect of drought on yield variability of key crops in Czech
Republic. Agric. For. Meteorol. 149 (3-4), 431–442 . 
oy, A., Hänsel, S., Skalak, P., Ustrnul, Z., Bochníček, O., 2017. The extreme Euro-
pean summer of 2015 in a long-term perspective. Int. J. Climatol. 37 (2), 943–962.
https://doi.org/10.1002/joc.4751 . 
uang, S.C., Krysanova, V., Hattermann, F., 2015. Projections of climate change impacts
on ﬂoods and droughts in Germany using an ensemble of climate change scenarios.
Reg. Environ. Change 15 (3), 461–473. https://doi.org/10.1007/s10113-014-0606-z .
uang, S.C., Krysanova, V., Hattermann, F.F., 2013. Projection of low ﬂow conditions in
Germany under climate change by combining three RCMs and a regional hydrological
model. Acta Geophys. 61 (1), 151–193. https://doi.org/10.2478/s11600-012-0065-1 .
mbery, F. , et al. , 2018. Vorläuﬁger Rückblick auf Den Sommer 2018 – Eine Bilanz Ex-
tremer Wetterereignisse. Deutscher Wetterdienst, Oﬀenbach am Main . 
onita, M., et al., 2017. The European 2015 drought from a climatological perspective. Hy-
drol. Earth Syst. Sci. 21 (3), 1397–1419. https://doi.org/10.5194/hess-21-1397-2017 .
oehler, G. , Schwab, M. , Finke, W. , Belz, J. , 2007. An overview of the drought pe-
riod 2003 in Germany: Causes- impacts- consequences[Ueberblick zur Niedrig-
wasserperiode 2003 in Deutschland: Ursachen- Wirkungen- Folgen]. Hydrologie
und Wasserbewirtschaftung/Hydrol. Water Resour. Manage.-Germany 51 (3), 118–
129 . 
ohn, I. , et al. , 2014. Niedrigwasser in Deutschland 2011. Hydrol. Wasserbewirts 58 (1),
4–17 . 
aaha, G., et al., 2017. The European 2015 drought from a hydrological perspective. Hy-
drol. Earth Syst. Sci. 21 (6), 3001–3024. https://doi.org/10.5194/hess-21-3001-2017 .
 ab ędzki, L., B ąk, B., Smarzy ń ska, K., 2014. Spatio-temporal variability and trends
of Penman–Monteith reference evapotranspiration (FAO-56) in 1971-2010 un-
der climatic conditions of Poland. Pol. J. Environ. Stud. 23 (6), 2083–2091.
https://doi.org/10.15244/pjoes/27816 . 
ana, X., et al., 2008. Spatial and temporal patterns of dry spell lengths in the Iberian
Peninsula for the second half of the twentieth century. Theor. Appl. Climatol. 91 (1),
99–116. https://doi.org/10.1007/s00704-007-0300-x . 
loyd ‐Hughes, B. , Saunders, M.A. , 2002. A drought climatology for Europe. Int. J. Clima-
tol. 22 (13), 1571–1592 . 
ópez-Moreno, J.I. et al., 2013. Hydrological response to climate variability at diﬀerent
time scales: aA study in the Ebro basin. 477: 175–188. 
orenzo-Lacruz, J., Vicente-Serrano, S.M., Gonzalez-Hidalgo, J.C., Lopez-Moreno, J.I.,
Cortesi, N., 2013. Hydrological drought response to meteorological drought in the
Iberian Peninsula. Clim. Res. 58 (2), 117–131. https://doi.org/10.3354/cr01177 . 
orenzo-Lacruz, J. , et al. , 2010. The impact of droughts and water management on various
hydrological systems in the headwaters of the Tagus River (central Spain). J. Hydrol.
386 (1-4), 13–26 . 
üttger, A.B. , Feike, T. , 2018. Development of heat and drought related extreme weather
events and their eﬀect on winter wheat yields in Germany. Theor. Appl. Climatol. 132
(1-2), 15–29 . 
S. Hänsel, Z. Ustrnul and E. Ł upikasza et al. Advances in Water Resources 127 (2019) 53–75 
M
M  
 
M  
 
M  
M  
 
O  
 
P  
 
P  
 
P  
 
R  
 
R  
 
R  
R  
 
S  
S  
 
S  
S  
 
S  
 
S  
 
S  
 
S  
 
S  
 
S  
 
S  
 
S  
 
 
Š  
 
T  
T  
 
T  
T  
T  
V  
V  
V  
 
V  
V  
 
V  
V  
 
 
V  
 
W  
 
W  
W  
Z  
Z  asante, D. , Barbosa, P. , McCormick, N. , 2018. Drought in Central-Northern Europe –
July 2018. JRC European Drought Observatory (EDO) and ERCC Analytical Team . 
cEvoy, D.J. , Huntington, J.L. , Abatzoglou, J.T. , Edwards, L.M.J.E.I. , 2012. An evaluation
of multiscalar drought indices in Nevada and eastern California. Earth Interact. 16
(18), 1–18 . 
cKee, T.B. , Doesken, N.J. , Kleist, J. , 1993. The relationship of drought frequency and
duration to time scales. In: Proceedings of the 8th Conference on Applied Climatology,
MA. American Meteorological Society Boston, pp. 179–183 . 
ette, T. , Rötzer, T. , Pretzsch, H.J.L.a. , 2011. In: Ein Dürre-Index für die Forstwirtschaft?,
85, p. 19 . 
ohammed, R., Scholz, M.J.W.R.M., 2017. Impact of evapotranspiration formulations at
various elevations on the reconnaissance drought index. Water Resour. Manage. 31
(1), 531–548. https://doi.org/10.1007/s11269-016-1546-9 . 
such, M., Romanowicz, R.J., Lawrence, D., Wong, W.K., 2016. Trends in projections of
standardized precipitation indices in a future climate in Poland. Hydrol. Earth Syst.
Sci. 20 (5), 1947–1969. https://doi.org/10.5194/hess-20-1947-2016 . 
erzyna, G., 1994. Spatial and temporal characteristics of maximum dry spells in Southern
Norway. Int. J. Climatol. 14 (8), 895–909. https://doi.org/10.1002/joc.3370140806 .
otop, V., Boronean ţ , C., Mo ž ný, M., Š t ěpánek, P., Skalák, P., 2014. Observed spatiotem-
poral characteristics of drought on various time scales over the Czech Republic. Theor.
Appl. Climatol. 115 (3), 563–581. https://doi.org/10.1007/s00704-013-0908-y . 
otopová, V., et al., 2018. Projected changes in the evolution of drought on various
timescales over the Czech Republic according to Euro-CORDEX models. Int. J. Cli-
matol. 38 (S1), e939–e954. https://doi.org/10.1002/joc.5421 . 
adzka, E., 2015. The assessment of atmospheric drought during vegetation season (ac-
cording to Standardized Precipitation Index SPI) in Central-Eastern Poland. J. Ecol.
Eng. 16 (1), 87–91. https://doi.org/10.12911/22998993/591 . 
ajczak, J., Schar, C., 2017. Projections of future precipitation extremes over Europe:
a multimodel assessment of climate simulations. J. Geophys. Res.-Atmos. 122 (20),
10773–10800. https://doi.org/10.1002/2017jd027176 . 
ebetez, M. , et al. , 2006. Heat and drought 2003 in Europe: a climate synthesis. Ann. For.
Sci. 63 (6), 569–577 . 
uosteenoja, K., Markkanen, T., Venalainen, A., Raisanen, P., Peltola, H., 2018. Seasonal
soil moisture and drought occurrence in Europe in CMIP5 projections for the 21st cen-
tury. Clim. Dyn. 50 (3-4), 1177–1192. https://doi.org/10.1007/s00382-017-3671-4 . 
chindler, U. , Steidl, J. , Müller, L. , Eulenstein, F. , Thiere, J. , 2007. Drought risk to agri-
cultural land in Northeast and Central Germany. J. Plant Nutr. Soil Sci. 170 (3), 357–
362 . 
chwarzak, S., Hänsel, S., Matschullat, J., 2015. Projected changes in extreme precipita-
tion characteristics for Central Eastern Germany (21st century, model-based analysis).
Int. J. Climatol. 35 (10), 2724–2734. https://doi.org/10.1002/joc.4166 . 
edlmeier, K., Feldmann, H., Schadler, G., 2018. Compound summer temperature and
precipitation extremes over central Europe. Theor. Appl. Climatol. 131 (3-4), 1493–
1501. https://doi.org/10.1007/s00704-017-2061-5 . 
erra, C., Martinez, M.D., Lana, X., Burgueno, A., 2014. European dry spell regimes
(1951-2000): clustering process and time trends. Atmos. Res. 144, 151–174.
https://doi.org/10.1016/j.atmosres.2013.05.022 . 
omorowska, U., 2016. Changes in drought conditions in poland over the past 60 years
evaluated by the standardized precipitation-evapotranspiration index. Acta Geophys.
64 (6), 2530–2549. https://doi.org/10.1515/acgeo-2016-0110 . 
pinoni, J., Naumann, G., Vogt, J., Barbosa, P., 2015a. European drought climatologies
and trends based on a multi-indicator approach. Glob. Planet. Change 127, 50–57.
https://doi.org/10.1016/j.gloplacha2015.01.012 . 
pinoni, J., Naumann, G., Vogt, J.V., 2017. Pan-European seasonal trends and recent
changes of drought frequency and severity. Glob. Planet. Change 148, 113–130.
https://doi.org/10.1016/j.gloplacha.2016.11.013 . 
pinoni, J., Naumann, G., Vogt, J.V., Barbosa, P., 2015b. The biggest drought events
in Europe from 1950 to 2012. J. Hydrol. 3, 509–524. https://doi.org/10.1016/
j.ejrh.2015.01.001 . 75 pinoni, J., Vogt, J.V., Naumann, G., Barbosa, P., Dosio, A., 2018. Will drought events
become more frequent and severe in Europe? Int. J. Climatol. 38 (4), 1718–1736.
https://doi.org/10.1002/joc.5291 . 
tagge, J.H., Kingston, D.G., Tallaksen, L.M., Hannah, D.M., 2017. Observed
drought indices show increasing divergence across Europe. Sci. Rep. 7, 10.
https://doi.org/10.1038/s41598-017-14283-2 . 
tagge, J.H., Kohn, I., Tallaksen, L.M., Stahl, K., 2015. Modeling drought impact occur-
rence based on meteorological drought indices in Europe. J. Hydrol. 530, 37–50.
https://doi.org/10.1016/j.jhydrol.2015.09.039 . 
tagge, J.H. , Tallaksen, L.M. , Xu, C.Y. , Van Lanen, H.A.J. , et al. , 2014. Standardized pre-
cipitation-evapotranspiration index (SPEI): sensitivity to potential evapotranspiration
model and parameters. In: Daniell, T.M., et al. (Eds.), Hydrology in a Changing World:
Environmental and Human Dimensions. IAHS Publication, pp. 367–373 . 
 t ěpánek, P. , Zahradníček, P. , Skalák, P. , 2009. Data quality control and homogenization
of air temperature and precipitation series in the area of the Czech Republic in the
period 1961–2007. Adv. Sci. Res. 3 (1), 23–26 . 
hornthwaite, C.W., 1948. An approach toward a rational classiﬁcation of climate. Geogr.
Rev. 38 (1), 55–94. https://doi.org/10.2307/210739 . 
räger-Chatterjee, C. , Müller, R. , Bendix, J. , 2013. Analysis of extreme summers and prior
late winter/spring conditions in Central Europe. Nat. Hazards Earth Syst. Sci. 13 (5),
1243–1257 . 
rnka, M., et al., 2016. Drought trends over part of Central Europe between 1961 and
2014. Clim. Res. 70 (2-3), 143–160. https://doi.org/10.3354/cr01420 . 
rnka, M. , et al. , 2015. Soil moisture trends in the Czech Republic between 1961 and
2012. Int. J. Climatol. 35 (13), 3733–3747 . 
sakiris, G. , Vangelis, H.J.E.W. , 2005. Establishing a drought index incorporating evapo-
transpiration. Eur. Water 9 (10), 3–11 . 
an der Schrier, G. , Briﬀa, K. , Jones, P. , Osborn, T. , 2006. Summer moisture variability
across Europe. J. Clim. 19 (12), 2818–2834 . 
an Rooy, M. , 1965. A rainfall anomaly index independent of time and space. Notos 14
(43), 6 . 
icente-Serrano, S.M. , Beguería, S. , López-Moreno, J.I. , 2010. A multiscalar drought index
sensitive to global warming: the standardized precipitation evapotranspiration index.
J. Clim. 23 (7), 1696–1718 . 
icente-Serrano, S.M. , et al. , 2012. Performance of drought indices for ecological, agri-
cultural, and hydrological applications. Earth Interact. 16 (10), 1–27 . 
icente-Serrano, S.M., et al., 2013. Response of vegetation to drought time-scales
across global land biomes. Proc. Natl. Acad. Sci. U. S. A. 110 (1), 52–57.
https://doi.org/10.1073/pnas.1207068110 . 
icente-Serrano, S.M. , et al. , 2014a. Evidence of increasing drought severity caused by
temperature rise in southern Europe. Environ. Res. Lett. 9 (4), 044001 . 
icente-Serrano, S.M., Lopez-Moreno, J.I., 2005. Hydrological response to diﬀerent time
scales of climatological drought: an evaluation of the Standardized Precipitation In-
dex in a mountainous Mediterranean basin. Hydrol. Earth Syst. Sci. 9 (5), 523–533.
https://doi.org/10.5194/hess-9-523-2005 . 
icente-Serrano, S.M., et al., 2014b. Evidence of increasing drought severity
caused by temperature rise in southern Europe. Environ. Res. Lett. 9 (4).
https://doi.org/10.1088/1748-9326/9/4/044001 . 
ang, K., Dickinson, R.E., Liang, S., 2012. Global atmospheric evaporative demand over
land from 1973 to 2008. J. Clim. 25 (23), 8353–8361. https://doi.org/10.1175/
jcli-d-11-00492.1 . 
ang, Q. , et al. , 2014. Temporal-spatial characteristics of severe drought events and their
impact on agriculture on a global scale. Quat. Int. 349, 10–21 . 
ibig, J. , 2012. Moisture conditions in Poland in view of the SPEI index. Water-Wnvi-
ron.-Rural Areas 12 (2), 38 . 
ahradníček, P. , et al. , 2016. Projection of drought-inducing climate conditions in the
Czech Republic according to Euro-CORDEX models. Clim. Res. 70 (2-3), 179–193 . 
ahradníček, P. , et al. , 2015. The extreme drought episode of August 2011–May 2012 in
the Czech Republic. Int. J. Climatol. 35 (11), 3335–3352 . 
